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A B S T R A C T
We apply methods from extreme value theory to identify extreme events in high (termed EHOs) and low (termed
ELOs) total ozone and to describe the distribution tails (i.e. very high and very low values) of five long-term European
ground-based total ozone time series. The influence of these extreme events on observed mean values, long-term trends
and changes is analysed. The results show a decrease in EHOs and an increase in ELOs during the last decades, and
establish that the observed downward trend in column ozone during the 1970–1990s is strongly dominated by changes
in the frequency of extreme events. Furthermore, it is shown that clear ‘fingerprints’ of atmospheric dynamics (NAO,
ENSO) and chemistry [ozone depleting substances (ODSs), polar vortex ozone loss] can be found in the frequency
distribution of ozone extremes, even if no attribution is possible from standard metrics (e.g. annual mean values). The
analysis complements earlier analysis for the world’s longest total ozone record at Arosa, Switzerland, confirming and
revealing the strong influence of atmospheric dynamics on observed ozone changes. The results provide clear evidence
that in addition to ODS, volcanic eruptions and strong/moderate ENSO and NAO events had significant influence on
column ozone in the European sector.
1. Introduction
After the detection of the Antarctic ozone hole in the 1980s
(e.g. Farman et al., 1985), downward trends in stratospheric
ozone and the linked increase in erythemal UV-radiation (e.g.
Calbo et al., 2005) became of major interest within the sci-
entific community and the general public. The successful im-
plementation of the Montreal Protocol (e.g. WMO, 2007) and
its expected beneficial effects on the ozone layer (e.g. WMO,
2007; Ma¨der et al., 2010), led to discussion of the ‘recovery’ or
possible ‘superrecovery’ of the ozone layer (compared to pre-
∗Corresponding author; now at Department of Applied Physics and
Applied Mathematics, Columbia University, New York, USA.
e-mail: hr2302@columbia.edu
DOI: 10.1111/j.1600-0889.2011.00575.x
1980s values; e.g. Austin and Wilson, 2006; Eyring et al., 2007;
Harris et al., 2008; Shepherd, 2008; Hegglin and Shepherd, 2009;
Waugh et al., 2009; Eyring et al., 2010; SPARC-CCMVal, 2010).
However, the conclusions of these studies differ and the timing
of any recovery and its extent are still under discussion. In pre-
vious studies, numerous processes influencing column ozone in
the Northern mid-latitudes have been identified, such as the 11-
yr solar cycle, the Quasi-Biennial Oscillation (QBO), emission
of man-made ozone depleting substances (ODSs) and processes
such as synoptic-scale meteorological variability (e.g. Dobson
and Harrison, 1926; Steinbrecht et al., 1998; Shepherd, 2008),
decadal or long-term climate variability (e.g. Hood and Zaff,
1995; Chandra et al., 1996; Hood, 1997), described, for exam-
ple, by the Northern Atlantic Oscillation (NAO) (e.g. Appen-
zeller et al., 2000; Orsolini and Doblas-Reyes, 2003), the Arctic
Oscillation (AO) (e.g. Thompson and Wallace, 2000), the El
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Fig. 1. Station locations in the European sector and station-specific information.
Nin˜o Southern Oscillation (ENSO) (e.g. Bro¨nnimann et al.,
2004a) and volcanic eruptions (e.g. Pittock, 1965; Grams
and Fiocco, 1967; Jaeger and Wege, 1990; Yue et al., 1991;
McCormick et al., 1995; Solomon, 1999; Robock, 2000; Ma¨der
et al., 2007). Column ozone trends were formerly determined
from long-term homogenized data series by fitting with multiple
linear regression models in which some of these ‘explanatory
variables’ were used to describe the variability of the Earth’s
atmosphere (e.g. Ma¨der et al., 2007; Wohltmann et al., 2007).
There is broad agreement within the scientific community that
observed negative long-term ozone trends between the early
1970s and the mid-1990s at Northern mid-latitudes are dom-
inated by changes in the concentration of the ODSs, whereas
short-term changes are dominated by dynamical changes (e.g.
horizontal advection, convergence or divergence of mass related
to changes in tropospheric and stratospheric pressure systems)
(e.g. Harris et al., 2008). Although several studies showed that
the atmospheric burden in ODS [mostly described in terms of
Equivalent Effective Stratospheric Chlorine (EESC)] had the
largest influence on column ozone changes over the Northern
mid-latitudes, there is clear evidence that dynamical changes
also had a substantial influence (e.g. Ma¨der et al., 2007; Wohlt-
mann et al., 2007; Harris et al., 2008). There is strong evi-
dence that dynamical changes have been more important for
ozone changes at Northern mid-latitudes than in other regions
of the world (e.g. Appenzeller et al., 2000; Staehelin et al., 2001;
WMO, 2003). According to Hood and Soukharev (2005), Wohlt-
mann et al. (2007), Ma¨der et al. (2007) and Harris et al. (2008),
dynamic processes may account for about one third (or more) of
the ozone decline starting in the 1970s. The major importance
of dynamical changes is also confirmed by studies summarized
in Harris et al. (2008) and WMO (2007), which indicate that the
recent increase in total ozone in Northern mid-latitudes during
the late 1990s is mainly due to dynamic changes. Further studies
(e.g. Hood and Soukharev, 2005; Harris et al., 2008; Shepherd,
2008; Hegglin and Shepherd, 2009) reported that the change in
the stratospheric burden in ODS (decline since 1997) contributed
only insignificantly to the observed ozone increase at Northern
mid-latitudes in recent years.
Complementary to regular time series analysis (based on,
for example, linear trend estimates retrieved by multiple linear
regression models) concepts of extreme value theory (EVT) have
been applied in recent studies (Rieder et al., 2010a,b) for the first
time in the field of column ozone research, as statistical analysis
showed that total ozone data are not adequately described by a
Gaussian distribution. Furthermore, the studies of Rieder et al.,
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(2010a,b) revealed that clear responses (from here on referred to
as ‘fingerprints’) to dynamical and chemical factors influencing
column ozone are found by analysing the distribution tails (i.e.
very high and very low values) instead of mean values of total
ozone data. In this study, the concept developed by Rieder et al.,
(2010a,b) for the Arosa (Switzerland) total ozone time series is
slightly modified to analyse the frequency distribution of days
with extreme low (ELOs) and high (EHOs) total ozone for five
long-term European ground-based data sets, in order to explore
whether the results found for Arosa can be generalized to other
long-term total ozone time series.
2. Data and methods
2.1. Data
We analyse column ozone measurements (daily mean values)
from five long-term European ground-based stations [Uccle
(Belgium), Hradec Kralove (Czech Republic), Belsk (Poland),
Hohenpeissenberg and Potsdam (both Germany)], all of which
contribute to the ground-based total ozone monitoring network
of the Global Atmospheric Watch (GAW) of the World Me-
teorological Organization (WMO). The stations were selected
from the World Ozone and Ultraviolet Radiation Data Centre
(WOUDC) database (RMIB, CHMI-HK, PAS, DWD-MOHp,
DWD-MOP. WOUDC [Data]; retrieved 27 January 2009, from
http://www.woudc.org.) using two selection criteria for Euro-
pean sites: (1) more than 35 continuous years of total ozone data
in 1965–2005 and (2) complete seasonal coverage within the
individual records. Data from the world’s longest total ozone
record, Arosa (Switzerland), are not included here as this data
set was analysed in detail already in earlier work (Rieder et al.,
2010a,b), however, in Section 4, results from Arosa are com-
pared with those derived for the stations analysed here. Figure 1
gives the locations of the stations and specific station information
and Fig. 2 provides an overview of daily total ozone observa-
tions and annual mean values for the individual stations. How-
ever, note that presently used data quality control procedures of
the GAW program were introduced during the 1970s and 1980s
(Basher, 1995), and the data quality of earlier measurements
might be lower. In particular, sulphur dioxide is an interference
for Dobson measurements and can affect total ozone measure-
ments (e.g. De Backer and De Muer, 1991). Each individual
time series was carefully homogenized (see references given in
Table 1) and quality of recent data is ensured by comparison
campaigns with the world standard instrument(s) (e.g. instru-
ment comparisons at the Regional Dobson Calibration Center at
Hohenpeissenberg, Germany).
We restrict our analysis to column ozone measurements ob-
tained by Dobson spectrophotometers: only these measurements
extend backward to the 1960s, and data obtained using the more
modern Brewer instruments show systematic differences in the
seasonal variation compared to the Dobson instrument records
Fig. 2. Daily (dots) and annual (solid line) averages of total ozone at
(a) Potsdam, Germany, (b) Belsk, Poland, (c) Uccle, Belgium, (d)
Hradec Kralove, Czech Republic and (e) Hohenpeissenberg, Germany.
Details on record length of individual time series and specific station
information are given in Fig. 1. Measurements have been retrieved
from the World Ozone and Ultraviolet Radiation Centre (WOUDC) on
27 January 2009.
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Table 1. Information on the different Dobson time series used and their homogenization
Station (instrument) Date of Homogenisation Reference
Potsdam (D71) 1999 Spaenkuch et al. (1999)
Belsk (D84) 1983, 1991 Dziewulska-Łosiowa et al. (1983); Dego´rska and Rajewska-Wi ↪ech (1991)
Uccle (D40) 1991 De Backer and De Muer (1991); De Muer and De Backer (1992)
Hradec Kralove (D74) 2003 Vanı´cˇek et al. (2003)
Hohenpeissenberg (D104) 1995 Koehler (1995)
Table 2. Overview of index data used in this study
Data Time range (resolution) Source
NINO3.4 Index 1965–2005 (monthly) NCAR/UCAR Climate and Global dynamics
http://www.cgd.ucar.edu/cas/catalog/climind/TNI_N34/
index.html
NAO Index 1965–2005 (seasonal) NCAR/UCAR Climate and Global dynamics
http://www.cgd.ucar.edu/cas/jhurrell/indices.html
SATO Index+ 1965–2000 (monthly) NASA Goddard Institute for Space studies
http://data.giss.nasa.gov/modelforce/strataer/
ODS (in EESC) 1965–2000 (monthly) NASA Goddard Institute for Space studies
http://acdb-ext.gsfc.nasa.gov/Data_services/automailer/
Polar vortex ozone loss contributions to
Northern mid-latitudes column ozone+
1970–2004 (winter averages) Wohltmann et al. (2007) (Ingo Wohltmann, personal
communication, 2009)
Note: Data sets marked with (+) have not been available for the entire time period (1965–2005) analysed.
(e.g. Rajewska-Wi ↪ech et al., 2006; Scarnato et al., 2010). Fur-
thermore, measurements at some stations include only direct sun
measurements whereas the less precise zenith sky measurements
are required at most sites to obtain a representative sample (i.e.
high number of measurement days) because of less favourable
weather conditions. From the five stations analysed in this study,
the Dobson record of Hohenpeissenberg includes only direct sun
measurements whereas those of the other four stations (Belsk,
Hradec Kralove, Potsdam and Uccle) include both direct sun
and zenith sky observations.
We used several indices for ‘fingerprint’ analysis and de-
scription of atmospheric dynamics (e.g. ENSO and NAO) and
chemistry (volcanic eruptions, ODS in general and polar vortex
ozone loss in particular). Table 2 contains an overview of the data
sets used (including their sources), and Fig. 3 summarizes the
temporal evolution of the single indices describing atmospheric
dynamics and chemistry.
2.2. Methods
Following Rieder et al. (2010a,b), concepts of EVT have been
applied to identify thresholds for low and high total ozone daily
mean values and for the analysis of the distribution tails of the
five long-term total ozone data sets.
The analysis is based on fitting the Generalized Pareto Dis-
tribution (GPD) to the distribution tails of the ozone data (i.e.
to very low and high values) on a monthly basis. The GPD is
commonly used in the analysis of rare events, as it arises as the
natural distribution of the excess of a variable above (below) a
sufficiently high (low) threshold (e.g. Davison and Smith, 1990).
Asymptotic arguments (e.g. Pickands, 1975; Coles, 2001) justify
the use of the GPD for modelling extremes, as the GPD is the
limiting distribution of normalized excesses beyond a threshold,
as the threshold approaches the endpoint of the distribution. The
GPD (see eq. 1) of a variable x (here, column ozone) is defined
by three parameters, the threshold value u, the scale parameter
σ and the shape parameter ξ
F (x) = 1 −
[
1 + ξ x − u
σ
]−1/ξ
;
σ > 0, x > u, 1 + ξ x − u
σ
> 0,
(1)
where u defines which values of the variable x (here, column
ozone) can be considered as extremes, ξ determines the shape
of the tail of the distribution and σ is a measure of the spread
of the distribution [with the same dimensions as the variable x,
here Dobson Units (DU) for column ozone]. In the application,
the GPD is fitted to the distribution tails (i.e. very high and low
values) of daily total ozone data at the five stations. Threshold
estimation is based on mean residual life plots, threshold choice
plots and threshold evaluation (based on Quantile–Quantile com-
parison of observed and modelled extremes and density plots).
To address autocorrelation in daily total ozone data, a decluster-
ing procedure (following Davison and Smith, 1990) was applied
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Fig. 3. Indices for (a) El Nin˜o Southern Oscillation (ENSO), monthly
NINO3.4 Index, vertical dotted line marks 0.7 values, (b) North
Atlantic Oscillation, seasonal NAO Index (principal components of the
leading empirically determined orthogonal function of seasonal sea
level pressure anomalies over the Atlantic sector (20–80◦N,
90◦W–40◦E), solid black line shows NAO Index for DJFM, vertical
dotted lines marks ± 1 values and (c) volcanic aerosol loading in terms
of mean optical thickness at 550 nm, monthly Northern Hemispheric
Sato Index (Sato et al., 1993; major volcanic eruptions of El Chicho´n
(1982) and Mt Pinatubo (1991) are marked). (d) Atmospheric loading
of ODS in terms of Equivalent Effective Stratospheric Chlorine
(EESC) on monthly basis. (e) Estimates of the contribution of ozone
destruction in the polar vortex to column ozone at the Northern
mid-latitudes in late winter and spring (in DU) (data from Wohltmann
et al. (2007), I. Wohltmann, personal communication, 2009). For data
sets of indices used, see Table 2.
to identify clusters of extremes. Within those clusters (defined as
consecutive exceedances above/below a certain threshold u) only
the maximum (minimum) was used in the analysis. Thresholds
for low and high column ozone are selected on monthly basis.
To avoid monthly leaps, monthly threshold values are extrapo-
lated to daily values by linear interpolation. Sensitivity analysis
for the Arosa total ozone time series showed (see Rieder et al.,
2010a and their supplementary material) that the time period
used for determination of thresholds for ELOs and EHOs does
not substantially affect the frequency of ELOs and EHOs and
therefore does not affect the robustness of the fingerprint analysis
and other results. Thresholds were derived for each station. All
available data were included in the threshold selection process.
An overview of daily thresholds for low and high total ozone
and corresponding monthly mean values for the individual sta-
tions is presented in Fig. 4. For further details on the threshold
selection process, the use of mean residual life plots, threshold
choice plots, Quantile–Quantile comparison and density plots
as well as sensitivity of threshold estimates on time windows
chosen for threshold estimation, see the methodology section
and the supplementary material in Rieder et al. (2010a).
3. Results and discussion
3.1. Frequency of extreme events in total ozone
Following Rieder et al. (2010a,b), column ozone data are split
into three categories: days with extreme high total ozone (termed
EHOs), days with extreme low total ozone (termed ELOs) and
not extreme days (NEOs). The observed frequency of EHOs,
ELOs and NEOs (on annual basis) at the five stations is plotted
in Fig. 5. Expected and observed dynamical and chemical effects
on total ozone are discussed, in detail, in the scientific literature
(see Section 3.2), applying this knowledge ‘fingerprints’ are
deduced from the frequency distribution of ELOs and EHOs
(by visual inspection) and compared to annual mean values (see
Fig. 6). The results confirm the findings of Rieder et al. (2010b)
that ‘fingerprints’ are discernible in the extremes part of the
time series even if no attribution is feasible from the analysis of
annual mean values.
3.2. Atmospheric dynamics and chemistry
The section summarizes the main features of the variables lead-
ing to changes in column ozone over the Northern mid-latitudes
(especially, the European sector); for extended discussion of co-
variates, see Rieder et al. (2010b). Below, the results on annual
basis are discussed in detail for the individual stations. The re-
sults for the individual seasons are similar to those found for
Arosa (see Rieder et al., 2010b) and therefore are not discussed
in detail.
3.2.1. Volcanic eruptions. Volcanic eruptions influence col-
umn ozone through heterogeneous processes and heating
(change in transport) in the lower stratosphere (LS). Through
volcanic eruptions gaseous compounds including SO2, H2S and
HCl enter the stratosphere (e.g. Staehelin et al., 2001). The sul-
fur containing species are quickly oxidized to sulphuric acid.
Sulphuric acid aerosols can influence stratospheric ozone by
(1) altering stratospheric dynamics due to infrared absorptiv-
ity leading to a heating of the LS (e.g. Brasseur and Granier,
1992; Kodera, 1994; Hadjinicolaou et al., 1997) and (2) by
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Fig. 4. Thresholds for days with extreme
low (ELOs) and high (EHOs) total ozone
and corresponding monthly means at (a)
Potsdam, Germany, (b) Belsk, Poland, (c)
Uccle, Belgium, (d) Hradec Kralove, Czech
Republic and (e) Hohenpeissenberg,
Germany.
influencing chemistry in the LS as they provide surfaces for het-
erogeneous ozone destruction (e.g. Peter, 1997; Solomon, 1999).
The SATO Index describing the aerosol load in terms of mean op-
tical thickness is strongly enhanced after the two major volcanic
eruptions of the last century (El Chicho´n in March/April 1982
and the Mt Pinatubo in June 1991) (Fig. 3c). For all the stations
analysed, clear ‘fingerprints’ can be found for both eruptions
in 1983 and 1992–1993 as the frequency of ELOs is strongly
increased whereas that of EHOs is strongly reduced (Fig. 5).
3.2.2. Strong polar vortex ozone loss and ozone depleting
substances. The atmospheric burden in ODSs increased from
the 1950s onward due to enhanced industrial production of
chlorofluorocarbons (CFCs) (e.g. Molina and Rowland, 1974;
Rowland and Molina, 1975). The Montreal Protocol for the
protection of the ozone layer was signed in 1987, followed by
several amendments (e.g. Staehelin et al., 2001; WMO, 2003;
WMO, 2007). Due to the benefit of the Montreal Protocol, strato-
spheric ODS-concentrations declined in the late 1990s (peak val-
ues were reached in 1997, see Fig. 3). A recent study by Ma¨der
et al. (2010) provides evidence that this decline in ODS has also
had measurable effects on column ozone changes. Equivalent
Effective Stratospheric Chlorine (EESC), the weighted sum of
chlorine and bromine containing species, is commonly used to
describe the chemical effects of ODS on the ozone layer (WMO,
2003). The temporal evolution in EESC is shown in Fig. 3d. In
the polar region, ozone depletion is propelled by heterogeneous
chemistry on PSCs in winter and early spring (as ozone loss
on polar stratospheric clouds (PSCs) is caused by chain reac-
tions involving activated chlorine (e.g. Peter, 1997; Solomon,
1999). Polar ozone loss affects also the mid-latitudes due to
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Fig. 5. Time series of annual frequency of
days with extreme low (ELOs, left axis) and
high (EHOs, right axis) total ozone and
‘fingerprints’ of atmospheric dynamics and
chemistry as visible therein for (a) Potsdam,
Germany, (b) Belsk, Poland, (c) Uccle,
Belgium, (d) Hradec Kralove, Czech
Republic and (e) Hohenpeissenberg,
Germany. For convenient reference, the area
between the ELO and EHO curves shows the
fraction of not extreme days (NEOs).
Coloured marks show global modes
distinguished by the following indices:
ENSO (light blue), NAO– (red), NAO+
(orange), volcanic eruptions of El Chicho´n
and Mt Pinatubo (purple), polar vortex ozone
loss (grey). Filled circles denote
‘fingerprints’ attributable to events and
crosses denote events not resulting in a clear
‘fingerprint.’
mixing of polar air masses after the vortex breakdown in North-
ern spring (e.g. Knudsen and Grooss, 2000; Fioletov and Shep-
herd, 2005). Proxy data for contributions of polar vortex ozone
loss to the Northern mid-latitudes were taken from Wohltmann
et al. (2007). The temporal evolution of this polar vortex ozone
loss index is shown in Fig. 3e. On annual basis, ‘fingerprints’
of polar vortex ozone loss are clearly visible throughout the
five stations in 1989–1990, 1993, 1995–1997, 2000 and 2002
(besides Belsk and Uccle) (Fig. 5).
3.2.3. El Nin˜o Southern Oscillation (ENSO). The El Nin˜o
Southern Oscillation phenomenon influences the climate sys-
tem and weather through large-scale interactions between the
ocean and the atmosphere (Diaz and Markgraf, 2000). Warm
ENSO events (El Nin˜o) are triggered by a strong contrast be-
tween high tropical and low extratropical Pacific sea surface
temperature (SST) (e.g. Bro¨nnimann et al., 2004a,b). This in-
fluences the Hadley circulation and Rossby wave generation at
the North Pacific and surrounding areas (e.g. Trenberth et al.,
1998; Alexander et al., 2002). The warm ENSO winter signal
consists of cold temperatures over Northern Europe, high sea
level pressure from Iceland to Scandinavia and low sea level
pressure over Central and Western Europe (e.g. Friedrich and
Mu¨ller, 1992; Merkel and Latif, 2002; Graetbatch et al., 2004).
Warm ENSO events cause more frequent stratospheric warming
episodes, which weaken the polar vortex as a stronger wave ac-
tivity flux diminishes the vortex strength (and hence polar vortex
ozone loss) (e.g. van Loon and Labitzke, 1987; Labitzke and van
Loon, 1999), which leads to a stronger descent over the polar
region, and strengthens the meridional circulation in the middle
stratosphere, leading to enhanced ozone transport from the trop-
ics to the extra tropics and resulting in higher ozone values in
late winter and early spring (Newman et al., 2001; Randel et al.,
2002).
Figure 3a shows the Nino 3.4 Index, which describes the
monthly SST anomaly from its long-term mean average over
the NINO 3.4 region. During the warm phase, (El Nin˜o), SST
in the eastern equatorial Pacific is higher and western tropi-
cal Pacific SST is lower than normal. La Nin˜a is the opposite
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Fig. 6. ‘Fingerprints’ of atmospheric
dynamics and chemistry as visible in the
annual averages of column ozone at (a)
Potsdam, Germany, (b) Belsk, Poland, (c)
Uccle, Belgium, (d) Hradec Kralove, Czech
Republic and (e) Hohenpeissenberg,
Germany. Coloured marks show global
modes distinguished by the following
indices: ENSO (light blue), NAO– (red),
NAO+ (orange), volcanic eruptions of El
Chicho´n and Mt. Pinatubo (purple), polar
vortex ozone loss (grey). Filled circles
denote ‘fingerprints’ attributable to events
and crosses denote events not resulting in a
clear ‘fingerprint.’
phenomenon and is usually shorter and less intense. ‘Finger-
prints’ of several El Nin˜o events (NINO 3.4 Index larger than
0.7) are visible in the frequency distribution of EHOs (see Fig. 5)
at all stations. On annual basis, ‘fingerprints’ of moderate/strong
ENSO events are found in 1966 (no data available at Uccle and
Hohenpeissenberg), 1969–1970 (no data available at Uccle),
1977 (besides Potsdam and Hradec Kralove), 1980, 1987, 1991,
1998 and 2003 (at Belsk and Hohenpeissenberg) (see Fig. 5).
Our findings confirm the results from Rieder et al. (2010b) that
moderate/strong El Nin˜o events (NINO 3.4 Index larger than
0.7) have a significant influence on total ozone in the European
sector.
3.2.4. North Atlantic Oscillation. A large fraction of the in-
terannual/decadal variability in tropospheric meteorology and
lower stratospheric dynamics in the Northern Hemisphere can
be explained by changes in the North Atlantic Oscillation (NAO)
(pressure difference at sea level between the Icelandic low and
the Azores high), the weakening of the Brewer–Dobson circula-
tion, the strengthening of the Arctic polar vortex and changes in
tropopause height and temperature in the LS (e.g. Hurrell, 1995;
Steinbrecht et al., 1998; Thompson and Wallace, 1998; Paw-
son and Naujokat, 1999; Randel and Wu, 1999; Newman and
Nash, 2000; Wallace, 2000). These changes have also a signifi-
cant influence on column ozone over the Northern Hemisphere.
The NAO also strongly affects European winter climate and
the strength of the Arctic polar vortex (e.g. Appenzeller et al.,
2000; Thompson and Wallace, 2000; Orsolini and Limpasuvan,
2001; Hadjinicolaou et al., 2002; Orsolini and Doblas-Reyes,
2003).
North Atlantic Oscillation influence is revealed in changes
in the direction and intensity of the westerly tropospheric jet
stream over the Atlantic (e.g. Orsolini and Limpasuvan, 2001)
and changes in storm-track variability across the North At-
lantic in cold periods (e.g. Lau, 1988). Positive NAO events
are characterized by higher tropopause pressure at high lati-
tudes/lower mid-latitudes and an enhanced Icelandic low (e.g.
Appenzeller et al., 2000). This results in higher ozone values
over Labrador/southern Greenland and lower ozone values over
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Europe (Orsolini and Doblas-Reyes, 2003). A weak Icelandic
low and strong Azores high indicate the negative phase of the
NAO, which leads correspondingly to enhanced column ozone
over Europe (e.g. Bro¨nnimann et al., 2004a,b). North Atlantic
Oscillation modes have changed in recent decades and the polar
vortex has strengthened, concomitant with a slower Brewer-
Dobson Circulation leading to lower ozone at high latitudes
(e.g. Hurrell, 1995; Appenzeller et al., 2000; Thompson and
Wallace, 2000). The temporal evolution of the NAO Index (prin-
cipal components of the leading empirically determined orthog-
onal function of seasonal sea level pressure anomalies over the
Atlantic sector (20◦–80◦N, 90◦W–40◦E) is shown in Fig. 3b.
Various ‘fingerprints’ of the NAO (during the positive phase
the frequency of ELOs increases, whereas during the negative
phase the frequency of EHOs increases) are visible from the
records (see Fig. 5). ‘Fingerprints’ of the NAO in the positive
phase (NAO+) are found for 1975 (besides Potsdam and Hradec
Kralove), 1983, 1985 (besides Hradec Kralove and Uccle), 1990,
1992–1993, 1995 (besides Hradec Kralove) and 2000, whereas
‘fingerprints’ of NAO in the negative phase (NAO–) are found
for 1966 and 1969–1970 (no data at Uccle), 1977 (besides Pots-
dam and Hradec Kralove) and 1979–1980 (see Fig. 5). Overall,
spatial ‘fingerprints’ can be identified more coherently for the
NAO in positive phase (frequency distribution of ELOs) than for
the NAO in the negative phase.
4. Influence of extreme events on observed
means and trends in total ozone
The influence of ELO and EHO events on observed means and
trends is quantified by excluding (1) the ELOs, (2) the EHOs,
and (3) both ELOs and EHOs from the entire series of the
five stations. Here, we find that for all the stations, mean val-
ues, trends and long-term changes are strongly influenced by
extreme events. This agrees with data for Arosa presented in
Rieder et al. (2010b), showing that extreme events are important
for long-term trends in the European sector. In Fig. 7 panels
(a), (c), (e), (g) and (i) show annual averages of (1) observed,
(2) ELOs removed, (3) EHOs removed and (4) both ELOs and
EHOs removed total ozone at the five stations. In all cases, total
ozone time series show less variability and smoother temporal
evolution after removing the extremes, which therefore have a
strong impact on the variability of annual (and seasonal) av-
erages in total ozone. To illustrate this schematically, Fig. 7
panels (b), (d), (f), (h) and (k) show LOESS smoothed [Locally
weighted Scatterplot Smoothing method (LOESS); Cleveland,
1979; Cleveland and Devlin, 1988] (smoothing parameter q =
2/3 applied) versions of the observed- and extremes-removed an-
nual averages shown in the corresponding panels (a), (c), (e), (g)
and (i). From this comparison, we see that all the observations
show a steeper decline with time than the extremes-removed
averages.
Fig. 7. Observed, ELOs-removed, EHOs-removed and all extremes removed annual averages of total ozone at (a) Potsdam, Germany, (c) Belsk,
Poland, (e) Uccle, Belgium, (g) Hradec Kralove, Czech Republic, (i) Hohenpeissenberg, Germany. (b), (d), (f), (h) and (k) LOESS smoothed
(LOcally wEighted Scatterplot Smoothing) (with smoothing parameter q = 2/3) observed and extremes removed annual averages of corresponding
data shown in (a), (c), (e), (g) and (i).
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Table 3 Annual and seasonal trends (in % per decade) for 1970–1990 at Potsdam (Germany), Belsk (Poland), Uccle (Belgium), Hradec Kralove
(Czech Republic), Hohenpeissenberg (Germany) and Arosa (Switzerland, data from Rieder et al., 2010b) for the observed and extremes removed
time series
Trend (in % per decade) for 1970–1990
Time series Time series Time series
Station Observations without extremes without EHOs without ELOs
Potsdam Annual −1.7 (±0.9) −0.7 (±0.5) −1.0 (±0.6) −1.2 (±0.7)
Spring −2.9 (±1.3) −1.0 (±0.5) −1.8 (±0.8) −2.0 (±1.0)
Summer −2.1 (±0.9) −0.9 (±0.5) −1.6 (±0.7) −1.3 (±0.7)
Autumn −1.8 (±0.9) −0.9 (±0.5) −1.2 (±0.8) −1.4 (±0.6)
Winter 1.4 (±1.7) 0.6 (±0.9) 0.5 (±1.2) 1.4 (±1.3)
Belsk Annual −1.4 (±0.8) −0.7 (±0.4) −1.0 (±0.5) −1.0 (±0.7)
Spring −1.3 (±1.2) −0.7 (±0.7) −0.8 (±0.9) −1.2 (±1.0)
Summer 0.8 (±0.8) 0.9 (±0.6) 1.1 (±0.7) 0.7 (±0.7)
Autumn −2.3 (±0.8) −1.1 (±0.4) −1.5 (±0.6) −2.0 (±0.7)
Winter −2.2 (±1.6) −0.5 (±0.8) −1.5 (±1.0) −1.1 (±1.4)
Ucclea Annual −0.5 (±1.1) −0.5 (±0.7) −0.4 (±0.8) −0.5 (±0.9)
Spring −0.2 (±1.5) 0.2 (±0.9) 0.5 (±0.9) −0.6 (±1.5)
Summer −0.0 (±1.0) 0.0 (±0.9) −0.2 (±1.0) 0.3 (±1.0)
Autumn −0.3 (±1.3) −0.2 (±0.7) 0.4 (±1.0) −0.9 (±1.0)
Winter −0.7 (±1.8) −0.7 (±1.1) −1.2 (±1.4) −0.2 (±1.5)
Hradec Kralove Annual −2.5 (±0.8) −0.8 (±0.5) −1.4 (±0.5) −1.8 (±0.7)
Spring −3.5 (±1.2) −1.2 (±0.6) −1.8 (±0.8) −2.9 (±1.1)
Summer −1.5 (±0.7) −0.5 (±0.5) −0.9 (±0.5) −1.0 (±0.6)
Autumn −2.2 (±0.8) −1.2 (±0.5) −1.5 (±0.6) −1.8 (±0.7)
Winter −2.7 (±1.6) −0.6 (±1.0) −1.7 (±1.1) −1.6 (±1.4)
Hohenpeissenberg Annual −1.8 (±0.9) −0.8 (±0.6) −1.0 (±0.7) −1.7 (±0.8)
Spring −2.9 (±1.5) −1.0 (±0.9) −1.5 (±1.0) −2.3 (±1.3)
Summer −0.8 (±0.7) −0.6 (±0.5) −0.4 (±0.6) −1.0 (±0.6)
Autumn −1.6 (±0.8) −1.4 (±0.5) −1.2 (±0.6) −1.8 (±0.7)
Winter −2.4 (±1.4) −0.7 (±0.9) −1.8 (±1.1) −1.2 (±1.1)
Arosa Annual −2.4 (±0.5) −0.9 (±0.3) −1.3 (±0.6) –2 (±0.5)
Spring −3.4 (±1.0) −0.9 (±0.5) −1.5 (±0.7) −2.9 (±0.8)
Summer −1.5 (±0.5) −0.9 (±0.3) −1.0 (±0.5) −1.2 (±0.5)
Autumn −1.6 (±0.7) −0.8 (±0.3) −0.6 (±0.4) −1.5 (±0.6)
Winter −2.8 (±1.1) −0.7 (±0.7) −1.8 (±0.9) −1.1 (±1.0)
Note: Standard errors are given within parentheses.
aDue to missing data, before 1972 trends for Uccle have been calculated for 1972–1990.
Tables 3 and 4 provide quantitative information on annual
and seasonal ozone trends at the five stations analysed in this
study. Simple linear trends for (1) the observational data, (2)
data with ELOs excluded, (3) data with EHOs excluded and
(4) both ELOs and EHOs excluded, are calculated for the time
periods 1970–1990 (see Table 3) and 1980–2000 (see Table 4)
for annual and seasonal mean values. For comparison, data for
Arosa provided in Rieder et al. (2010b) are included in Tables 3
and 4.
For all stations, decadal trends are (as expected) more nega-
tive for the years 1980–2000 due to the strong decline in col-
umn ozone at Northern mid-latitudes following the Mt. Pinatubo
eruption. However, trend reduction between the entire observed
time series and the extremes-removed time series is similar for
both periods, 1970–1990 and 1980–2000, showing the major in-
fluence of EHOs and ELOs on ozone changes and trends. Total
ozone trends on an annual basis are reduced on average by a
factor of about 2, while seasonal trends are reduced on average
by about a factor of 2.5 in winter, by about a factor of 2 in
spring, and a factor of about 1.5 in summer and autumn when
the extremes are removed from the ozone records.
The downward trends determined by simple linear regression
show differences among the six European ground-based time
series (see Tables 3, 4 and Fig. 7), perhaps partly due to lower
data quality in the earlier measurements, before the gradual in-
troduction of more rigorous data quality control in the GAW
(see Section 2.1). Therefore, all time series needed careful ho-
mogenization. In particular, SO2 pollution influenced the early
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Table 4. Annual and seasonal trends (in % per decade) for 1980–2000 at Potsdam (Germany), Belsk (Poland), Uccle (Belgium), Hradec
Kralove (Czech Republic), Hohenpeissenberg (Germany) and Arosa (Switzerland, calculated from data from Rieder et al., 2010b) for the observed
and extremes removed time series
Trend (in % per decade) for 1980–2000
Time series Time series Time series
Station Observations without extremes without EHOs without ELOs
Potsdam Annual −2.5 (±1.1) −1.0 (±0.5) −1.2 (±0.8) −2.3 (±0.8)
Spring −4.2 (±1.4) −1.6 (±0.6) −2.5 (±1.0) −3.2 (±0.9)
Summer −1.4 (±1.1) −0.6 (±0.5) −0.7 (±0.8) −1.2 (±0.8)
Autumn −1.2 (±1.0) −0.6 (±0.6) −0.7 (±0.7) −1.1 (±0.8)
Winter −2.9 (±1.8) −1.7 (±0.8) −2.0 (±1.2) −2.3 (±1.3)
Belsk Annual −3.3 (±0.9) −1.4 (±0.5) −2.3 (±0.7) −2.4 (±0.8)
Spring −4.1 (±1.3) −1.9 (±0.7) −3.0 (±1.0) −3.0 (±1.0)
Summer −3.0 (±0.9) −1.6 (±0.7) −1.9 (±0.8) −2.7 (±0.8)
Autumn −1.6 (±0.9) −0.8 (±0.5) −1.4 (±0.6) −1.0 (±0.7)
Winter −3.9 (±1.8) −1.5 (±0.8) −3.5 (±1.2) −1.8 (±1.4)
Uccle Annual −3.1 (±1.0) −1.6 (±0.6) −2.0 (±0.7) −2.6 (±0.8)
Spring −3.3 (±1.5) −1.7 (±0.8) −2.6 (±1.0) −2.4 (±1.2)
Summer −1.7 (±0.8) −0.7 (±0.5) −1.0 (±0.6) −1.2 (±0.7)
Autumn −0.7 (±0.7) 0.3 (±0.3) 0.5 (±0.4) −0.9 (±0.7)
Winter −2.9 (±1.6) −1.4 (±0.7) −1.9 (±1.2) −2.2 (±1.2)
Hradec Kralove Annual −3.9 (±0.9) −1.9 (±0.5) −2.7 (±0.6) −3.1 (±0.8)
Spring −5.4 (±1.3) −3.0 (±0.7) −4.0 (±1.0) −4.2 (±1.0)
Summer −4.0 (±0.8) −1.9 (±0.5) −2.6 (±0.6) −3.3 (±0.7)
Autumn −1.6 (±0.9) −0.9 (±0.5) −1.4 (±0.7) −1.1 (±0.8)
Winter −4.5 (±1.7) −2.7 (±0.9) −4.3 (±1.2) −2.8 (±1.4)
Hohenpeissenberg Annual −3.7 (±1.0) −1.9 (±0.7) −2.8 (±0.8) −2.8 (±0.9)
Spring −5.1 (±1.5) −2.8 (±0.8) −4.1 (±1.2) −3.9 (±1.1)
Summer −2.8 (±0.8) −1.9 (±0.5) −2.3 (±0.8) −2.2 (±0.6)
Autumn −0.7 (±0.6) −0.3 (±0.3) −0.9 (±0.7) −0.2 (±0.2)
Winter −5.5 (±1.5) −2.4 (±0.9) −1.8 (±1.3) −1.2 (±1.1)
Arosa Annual −2.8 (±0.8) −1.1 (±0.6) −1.6 (±0.6) −1.8 (±0.8)
Spring −4.2 (±1.3) −1.9 (±0.5) −3.3 (±1.1) −2.4 (±1.0)
Summer −1.8 (±0.6) −0.8 (±0.4) −1.2 (±0.5) −1.1 (±0.5)
Autumn −0.6 (±0.4) −0.2 (±0.2) −0.5 (±0.4) −0.2 (±0.2)
Winter −3.9 (±1.4) −1.5 (±0.6) −3.1 (±1.0) −2.6 (±1.1)
Note: Standard errors are given within parentheses.
measurement time period for the Uccle time series (e.g. De
Backer and De Muer, 1991), and therefore trend analysis has to
be interpreted with care.
Numerous EHOs are attributable to ENSO and NAO (in its
negative phase) and ELOs are often associated with NAO (in
its positive phase) and volcanic eruptions. The overall effect of
ODS and the polar vortex loss can be detected in the frequency
of EHOs and in the frequency of ELOs. Other effects, such as
the solar cycle and the QBO, are not considered in this study as
they are expected to have a rather small effect in the European
sector and especially regarding extremes.
To quantify the importance of extremes in low and high total
ozone for the individual stations, the influences of ELOs (eq. 2)
and EHOs (eq. 3) on annual and seasonal averages were calcu-
lated:
IELOs(t) = MSTATION(t) − MELOs(ex)( t), (2)
IEHOs(t) = MSTATION(t) − MEHOs(ex)(t). (3)
Here, IELOs (IEHOs) is the influence of ELOs (EHOs) on to-
tal ozone mean values, MELOs(ex) (MEHOs(ex)) is the average to-
tal ozone with ELOs (EHOs) excluded from the time series,
MSTATION denotes the average total ozone observed over the cor-
responding station (Potsdam, Belsk, Uccle, Hradec Kralove or
Hohenpeissenberg) and t denotes the averaging time period (sea-
sonal or annual).
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Fig. 8. Influence (according to eqs (2) and (3)) of ELOs (light coloured
histogram) and EHOs (dark coloured histogram) and of both extremes
(solid line) in DU/year on annual means of total ozone over (a)
Potsdam, Germany, (b) Belsk, Poland, (c) Uccle, Belgium, (d) Hradec
Kralove, Czech Republic and (e) Hohenpeissenberg, Germany.
The averaged influence of EHOs on mean values of total ozone
is 8 DU (largest at Potsdam 10 DU, lowest at Hohenpeissenberg
6 DU), whereas the averaged influence of ELOs on mean values
of total ozone is –12 DU (largest at Potsdam –17 DU, lowest at
Hradec Kralove –6 DU). The influence of ELOs, EHOs and both
types of extremes on annual basis is shown for the individual sta-
tions in Fig. 8. The first decades of the Hradec Kralove record are
dominated by the influence of EHOs while at all other stations, a
dominating influence of ELOs is found. A possible explanation
for this might be a reduced influence of air masses transported
to Europe from the Atlantic sector at Hradec Kralove. Trajec-
tory analysis and spatial modelling, though beyond the scope of
the presented analysis, could possibly allow for a more detailed
characterization of the slightly different behaviour at the sta-
tions. Strong influence of ELOs (<–25 DU) and/or EHOs (>25
DU) is found at (almost) all stations in years with strong NAO
[influencing in positive phase (NAO+) the ELOs/in negative
phase (NAO−) the EHOs] and/or strong ENSO and/or contri-
butions of polar vortex ozone loss. The influence of ELOs and
EHOs on observed mean values is strongest in winter and spring
season.
5. Conclusions and discussion
In this study, methods from EVT have been applied to five long-
term European ground-based data sets. The results are in broad
agreement with those of Rieder et al. (2010b) for the time series
of Arosa. ‘Fingerprints’ of atmospheric dynamics and chem-
istry are discernible in the extremes of the time series even if
no attribution from mean value analysis is possible. The results
confirm also that even moderate ENSO and NAO events have a
significant influence on column ozone changes in the European
sector. Influence of major volcanic eruptions on column ozone
was reported before in the scientific literature, but the results
presented here confirm that the influence of volcanic eruptions
can be identified in both distribution tails of the time series (in-
crease in the frequency of ELOs and erosion in the frequency
of EHOs). A clear attribution of the effect of dynamical and
chemical features is difficult as they can occur simultaneously,
partly amplifying or compensating each other. However, the re-
sults of the presented analysis and earlier work from Rieder et al.
(2010b) show that dynamical features influence column ozone
strongly and more frequently than previously thought. From a
dynamical perspective, EHOs are indicative for northerly ad-
vection of O3-rich air masses from the high-latitude lowermost
stratosphere and southerly advection of O3-rich air in the mid-
dle stratosphere. Conversely, ELOs are indicative for southerly
winds with O3-poor air masses from the region of the subtropi-
cal jet in the lowermost stratosphere and northerly advection of
O3-poor air masses in the middle stratosphere (e.g. Koch et al.,
2005). The observed decrease in the frequency of EHOs and
corresponding increase in the frequency of ELOs, starting from
the late 1970s, is in general agreement with the notion that the
polar regime shrank and the tropical band widened over the last
decades (e.g. Hudson et al., 2006; Seidel et al., 2008). In previous
studies, the dynamical contributions to total ozone changes have
been estimated to be 1/3 (or even higher) (Hood and Soukharev,
2003; WMO, 2007; Wohltmann et al., 2007; Harris et al., 2008).
From the responses of column ozone to changes in NAO and El
Nin˜o as found in the ‘fingerprint’ analysis, we conclude that our
results [and also earlier ones for Arosa (Rieder et al., 2010b)]
are in general agreement with these studies. Additionally, further
studies repeating the analysis for other long-term ground-based
time series at Northern mid-latitudes outside of the European
sector (i.e. North American and Asian stations) or satellite time
series could contribute to answer the question on how much of
column ozone trends are due to changes in dynamical processes
and/or due to ODS. The influence of ELOs and EHOs on mean
values is variable in time; strong influence of the extremes can
be directly related to the occurrence of specific dynamical and/or
chemical features. On average, the influence of ELOs was larger
than that of EHOs, though both strongly influence variability
and observed trends and changes in column ozone; on aver-
age, trends are reduced by a factor of about 2 if extremes are
removed from the observational data sets. Our results confirm
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that EVT is a useful tool in the analysis of total ozone time se-
ries, which helps to attribute patterns and medium to short-range
changes to dynamical and chemical factors, thereby providing
additional and deeper insight into time series properties than
given by conventional time series analysis based on standard
metrics.
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